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Abstract: Up until the first half of the 20th century, silver found significant employment in medical
applications, particularly in the healing of open wounds, thanks to its antibacterial and antifungal
properties. Wound repair is a complex and dynamic biological process regulated by several pathways
that cooperate to restore tissue integrity and homeostasis. To facilitate healing, injuries need to
be promptly treated. Recently, the interest in alternatives to antibiotics has been raised given the
widespread phenomenon of antibiotic resistance. Among these alternatives, the use of silver appears
to be a valid option, so a resurgence in its use has been recently observed. In particular, in contrast
to ionic silver, colloidal silver, a suspension of metallic silver particles, shows antibacterial activity
displaying less or no toxicity. However, the human health risks associated with exposure to silver
nanoparticles (NP) appear to be conflicted, and some studies have suggested that it could be toxic in
different cellular contexts. These potentially harmful effects of silver NP depend on various parameters
including NP size, which commonly range from 1 to 100 nm. In this study, we analyzed the effect of
a colloidal silver preparation composed of very small and homogeneous nanoparticles of 0.62 nm
size, smaller than those previously tested. We found no adverse effect on the cell proliferation of
HaCaT cells, even at high NP concentration. Time-lapse microscopy and indirect immunofluorescence
experiments demonstrated that this preparation of colloidal silver strongly increased cell migration,
re-modeled the cytoskeleton, and caused recruitment of E-cadherin at cell-cell junctions of human
cultured keratinocytes.
Keywords: colloidal silver; wound healing; E-cadherin; keratinocytes; nanoparticles; skin
1. Introduction
The use of silver in therapeutic applications has very ancient origins due to its broad and highly
effective antibacterial activity [1,2]. However, the scientific debate on its mechanism of action is still
an open field. Some authors maintain that the bactericidal activity could be linked to the release of
silver ions [3–8] and their interaction with several bacterial components such as peptidoglycan, the cell
membrane as well as bacterial proteins/enzymes involved in vital processes [8–11]. In contrast, other
authors assert that the effect of silver could be due to a physical effect toward the cell membrane with
consequent penetration of silver inside the cytoplasm and interference with cellular components [10].
More recently, another important effect exerted by silver preparations was described, which regarded
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the inhibition of bacterial biofilm formation [12,13]. Biofilms (aggregates of bacteria embedded
in an extracellular matrix) allow bacterial growth in a protective environment, reducing antibiotic
susceptibility and favoring escape from the immune response.
In addition to these functions, it has been demonstrated that silver has anti-inflammatory effects and
improves the healing of wounds through the modulation of fibrogenic cytokines [12–16] and a decrease
in lymphocyte infiltration [17,18]. Thus, silver has found wide applications in preventing further injury
and bacterial invasion of wounds, therefore improving the efficient recovery of damaged tissues.
All of these characteristics have caused a widespread use of silver, both in medicine and daily life.
Nowadays, medical devices (dressing for wounds, surgical catheters, stitches, bone cement) as well as
cosmetics, cosmeceuticals, and tessils, have a silver component [13,16,19,20]. Nevertheless, although it
is considered relatively non-toxic to mammals, chronic exposure to Ag+ ions determine the formation
of insoluble precipitates in the dermis and the cornea/conjunctiva, causing the so-called argyria or
argyrosis syndromes, blue coloration of the skin, and mucous tissues [3,4].
It is essential to underline that most of the toxicity of silver is because ionic silver (Ag+) is
exceptionally reactive toward molecules and cellular structures [21]. Therefore, especially during
the last few years, ionic silver usage has been superseded by colloidal silver, i.e., as a suspension of
microscopic metallic nanoparticles (NP up to 100 nm in diameter), presenting lower toxicity with
respect to their metallic counterpart [3,4].
Notions about colloidal silver safety and biocompatibility have appeared to sometimes be
contradictory in the literature. Several studies have confirmed silver NP as clinically safe [22], and
dressings based on silver NPs have been declared safe for patients [20,23,24]. However, some studies
have shown that NPs are cytotoxic for several different cell lines, mostly by inducing an increase of
ROS production, a decrease in mitochondrial function, DNA damage, and apoptosis [25–30]. In other
cases, a decrease in cell proliferation without DNA damage has been reported [31]. In contrast, studies
performed in human fibroblasts confirmed that AgNPs could alter mitochondrial functionality without
leading to cell death [16] and one study identified a relationship between NP size and inhibitory effects
on mitochondria [32].
It has to be noted that silver nanoparticles can be very heterogeneous and such heterogeneity
could probably in part explain differences present in the literature. Several methods to produce
silver NP have been developed. Preparations of colloidal silver commercially available (see http:
//www.silver-colloids.com/) can differ for NP size, stability (Zeta potential), concentration, and different
percentages of ionic silver either due to the efficiency or synthesis methods. Parameters that are
influenced by the synthesis method include the mean NP diameter and size, size distribution, shape,
stability, the inclusion of ligand shells, and capping agents [21].
Considering the widespread use of silver NP and the growing interest in its use due to its
versatility, we analyzed the biological properties of a colloidal silver preparation with silver NP of
0.62 nm in size, smaller than those ever described and presenting an extremely low percentage of ionic
silver [33–35]. We first evaluated the antimicrobial activity with results similar to what has already
been published [36–39] with the data not shown. Then, we assessed the effect on a model of human
skin, HaCaT human keratinocytes. We observed no toxicity by the MTT assay, growth curve analysis,
absence of stress granules, and strong efficacy in promoting wound healing in vitro. Interestingly,
colloidal silver induced an evident cytoskeleton reorganization accompanied by an increase in cell–cell
junctions underlined by E-cadherin recruitment.
2. Results
2.1. Effect of Colloidal Silver on HaCaT Cells
Initial experiments investigated the potential toxicity of colloidal silver on human immortalized
HaCaT keratinocytes. For this purpose, HaCaT cells were grown in the presence of colloidal or ionic
silver at 0.5 or 2 µg/mL for 24 and 48 h and cell viability was analyzed by the MTT assay as described
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in [40]. Figure 1 shows that colloidal silver did not exert any toxic effect, while ionic silver caused a
dramatic reduction of cell viability at both concentrations.
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grown in the presence of colloidal silver at 0.5 and 2 μg/mL for 24 h, fixed, and analyzed by indirect 
IF with the anti-YB1 antibody. Figure 2 clearly shows that colloidal silver induced neither stress 
granules formation nor YB-1 nuclear translocation. Cells were also stained with TRITC-conjugated 
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increased f-actin polymerization both at the cell–cell and cell–substratum adhesions (Figure 2, red 
panels). 
Figure 1. Effects of AgC on HaCaT cell viability. MTT assay of HaCaT cells incubated for 24 or
48 h with colloidal (grey bars) or ionic silver (dark bars) at 0.5 or 2 µg/mL. Data are expressed as
absorbance at 570 nm and presented as mean ± SE of three independent experiments, each done in
sestuplicate. Analysis of variance was performed by two-way Anova followed by the Bonferroni
post-test. **** P < 0.0001 when compared with the control.
Importantly, cell viability increased between 24 and 48 h even when colloidal silver was added at
the higher concentrations of 2 µg/mL, thus suggesting no toxicity under these conditions. We therefore
addressed whether colloidal silver could function as a stressor agent by analyzing the stress granules
formation (SG). SG are aggregates of proteins and RNA that form when cells are subjected to different
kind of stresses to protect cellular structures from harmful conditions. To monitor the formation of
these aggregates, we looked at the YB-1 protein as a specific arker of SG [41]. Further ore, it has
to be noted that YB-1 typically translocates to the nucleus following genotoxic stress [42], therefore,
it can also be used to monitor harmful insult to the cells. HaCaT cells were grown in the presence
of colloidal silver at 0.5 and 2 µg/mL for 24 h, fixed, and analyzed by indirect IF with the anti-YB1
antibody. Figure 2 clearly shows that colloidal silver induced neither stress granules formation nor
YB-1 nuclear translocation. Cells were also stained with TRITC-conjugated phalloidin to visualize the
actin cytoskeleton. The experiment showed that colloidal silver treatment induced actin cytoskeleton
rearrangement at the cellular periphery. In particular, we observed increased f-actin polymerization
both at the cell–cell and cell–substratu adhesions (Figure 2, red panels).
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treated (or not) with AgC at 0.5 or 2 μg/mL for 24 h. Cells were then fixed and analyzed by TRITC-
conjugated phalloidin staining (red) or indirect IF with the anti-YB1 antibody (green). Nuclei were 
stained with DAPI. Scale bar, 7 μM. Images were acquired using a Nikon TE Eclipse 2000. 
2.2. Effect of Colloidal Silver on Wound Healing 
Based on these data showing a reorganization of the actin cytoskeleton, we decided to analyze 
the effect of colloidal silver on cell migration, a process where massive cytoskeleton dynamics take 
place. Wound healing activity was evaluated in vitro by automated time-lapse microscopy [43]. 
Details on the technique are reported in the Materials and Methods Section. Typical images of the 
wound as a function of time are presented in Figure 3A, where samples in the absence and/or 
presence of AgC 0.5 μg/mL are compared. 
Figure 2. Effect of AgC on stress granules formation. HaCaT cells were seeded on a coverslip and treated
(or not) with AgC at 0.5 or 2 µg/mL for 24 h. Cells were then fixed and analyzed by TRITC-conjugated
phalloidin staining (red) or indirect IF with the anti-YB1 antibody (green). Nuclei were stained with
DAPI. Scale bar, 7 µM. Images were acquired using a Nikon TE Eclipse 2000.
2.2. Effect of Colloidal Silver on Wound Healing
Based on these data showing a reorganization of the actin cytoskeleton, we decided to analyze the
effect of colloidal silver on cell migration, a process where massive cytoskeleton dynamics take place.
Wound healing activity was evaluated in vitro by automated time-lapse microscopy [43]. Details on
the technique are reported in the Materials and Methods Section. Typical images of the wound as a
function of time are presented in Figure 3A, where samples in the absence and/or presence of AgC
0.5 µg/mL are compared.
Images at the same time points show better closure of the wound for the treated sample with
respect to the control. This result was systematic, as visible from Figure 3B,C, where the evolution of
the wound area, normalized with respect to its initial value (A/A0), is reported for the control and
treated sample, respectively. Raw data reported in the two diagrams for each independent field of view
showed excellent reproducibility. We calculated the values of the wound closure velocity (α) from each
data series, as reported in the Materials and Methods Section. Interestingly, the αAgC/αcontr (that is a
measure of the relative effect of the treatment in our conditions) was 1.80, indicating that the wound
closure velocity roughly doubled in the presence of AgC 0.5 µg/mL.
In Figure 4B, the duplication time (τ) of HaCaT cells grown in the presence and/or absence of
0.5 µg/mL AgC is reported. Intriguingly, cell duplication was not significantly altered in the presence
of colloidal silver, while the cell motility coefficient calculated from the Fisher–Kolmogoroff equation
appeared to be drastically and statistically significantly increased (Figure 4C). Overall, these results
indicate that under these experimental conditions, colloidal silver affected cell motility more than
cell proliferation.
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Figure 3. Effect of AgC on wound closure dynamics. (A) Representative phase contrast microscopy
images of cells incubated (or not) with AgC at different time points showing the wound closure process
over time. (B,C) The wound closure process was quantified by measuring the reduction of the wound
area (A) over time, as described in the Materials and Methods Section. Evolution of the wound area A,
normalized to the value A0 (A at time 0), is reported for the control (B) and AgC treated (C) cells by
selecting random fields along the wound for each experiment. The linear range of each data series
was fit in order to measure the wound closure velocity α. Values of α for the control and treated cells
are indicated on each graph as the mean from three independent experiments analyzed in triplicate.
Standard error of the mean was calculated to account for reproducibility, and the t-test was calculated
to verify the statistical significance of the differences with respect to the control samples.
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colloidal silver, while the cell motility coefficient calculated from the Fisher–Kolmogoroff equation 
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2.3. Effect of Colloidal Silver on Cell-Cell Contacts and Cell Morphology 
Regulation of cell shape and motility is governed in large by the cytoskeleton, of which actin 
filaments are the major components. Cytoskeletal elements influence the formation of cell–cell and 
cell–substrate adhesions that play a fundamental role in both cell morphology and migration which 
Figure 4. Effect of AgC on wound closure dynamics. Values of α (wound closure velocity) (A),
τ duplication time) (B), and D (cell motility coefficient) (C) of the control and AgC treated cells are
reported. Values of D were calculated according to the Fisher–Kolmogoroff equation from values of
α and τ (see Materials and Methods). Data are expressed as the mean of at least three independent
experiments. SEM is reported as error bars, statistical significance was assessed by the paired two-tailed
t-test (* P = 0.04; ** P = 0.007).
2.3. Effect of Colloidal Silver on Cell-Cell Contacts and Cell Morphology
Regulation of cell shape and motility is governed in large by the cytoskeleton, of which actin
filaments are the major components. Cytoskeletal elements influence the formation of cell–cell and
cell–substrate adhesions that play a fundamental role in both cell morphology and migration which
requires the continuous assembly and disassembly of cellular adhesions. To further characterize the
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effects of AgC on cell shape, the cytoskeleton and cell–cell contacts were examined by fluorescence
microscopy by both phalloidin staining and E-cadherin immunofluorescence. Cells were allowed
to adhere onto coverslips overnight, treated with 0.5 µg/mL AgC for 8 h, fixed, and subjected to
IF with anti-E-cadherin, followed by TRITC-conjugated phalloidin incubation to visualize the actin
cytoskeleton and DAPI to stain the nuclei. As previously observed, cells displayed a dense meshwork
of actin filaments around the cell periphery. Interestingly, the experiment showed that AgC treatment
caused significant recruitment of E-cadherin at cell–cell junctions, which were apparent within 8 h of
treatment (Figure 5). Similar results were obtained when cells were incubated with AgC for 24 h.
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Figure 5. E-cadherin localization in HaCaT cells upon AgC treatment. Cells were allowed to adhere
onto coverslips for 24 h and then treated with 0.5 µg/mL AgC for 8 h. Cells were then fixed and
subjected to IF with an anti-E-cadherin antibody followed by TRITC-conjugated phalloidin to visualize
the actin cytoskeleton. Representative images of E-cadherin subcellular localization and phalloidin are
show . Merged images also show DAPI staining to visualize the nuclei. Images were taken with a
Zeiss confoc l laser-scanning microscope Axio Observer (scale bar, 15 µM). A ×40 objective was used
and image analysis was performed using ImageJ.
3. Discussion
In this work, we evaluated the use of a colloidal silver solution in the cell viability and cell migration
of immortalized human keratinocytes. Although the use of silver in medicine dates back to ancient
times, its use became less frequent upon the widespread use of antibiotics. The appearance in recent
decades of the increasingly dangerous phenomenon of antibiotic resistance has brought to the forefront
the use of silver as a valid non-toxic alternative. Our experiments showed that no adverse effect could
be observed in the HaCaT cells by both the MTT assay and stress granules formation when we treated
keratinocytes at even rather high concentrations (2 µg/mL) of AgC. Interestingly, upon treatment, cells
tended to reorganize the cytoskeleton as indicated by the observation of phalloidin-stained F-actin.
Since tissue healing is linked to a profound reorganization of the cytoskeleton, we evaluated the activity
of silver in wound healing by following the wound healing process using time-lapse video-microscopy.
The algorithm we used allowed for the quantitative analysis of the dynamics in the reduction of the
cutting area. Our data indicated that in the presence of silver, the wound closure speed increased and
cells incubated with colloidal silver “healed the damaged area” in less time than the controls. This
result was quantified and interpreted according to the Fisher–Kolmogoroff model [43], which allows
the process of re-closing the cut mathematically to be described. A novel data analysis approach was
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used to identify the relative role of cell motility and proliferation on wound healing through simple
calculations. We found that AgC increased the mechanism of cell migration rather than increasing
the cell proliferation levels. Cell motility is primarily governed by the cytoskeleton, which influences
both the cell–substrate and cell–cell contacts. Our results were supported by immunofluorescence
experiments, where HaCaT cells presented an overall increased E-cadherin signal and its re-localization
to the cellular periphery and the cell–cell junctions. It is interesting to note that it has been reported
that the intercellular junctions marked by E-cadherin allow cells to communicate [44] and to move in a
highly coordinated way [45]. The increase in cell–cell junctions through strong E-cadherin-mediated
contacts at the upper edge, in the lateral regions, and within the moving cell group characterizes the
collective cell migration [44,46–48]. This aspect is particularly interesting, since collective cellular
migration would be the basis of the movement and proliferation of epidermal keratinocytes located on
the edge of the wound following skin lesions [49]. It is interesting to note that cell movements are
characterized by cytoskeletal reorganization through the formation of adherent junctions [49]. The
adherent junctions, favored by the recruitment of E-cadherin on the cell surface, allow for anchorage
to the actin cytoskeleton [50] through their binding with both α- and β-catenins. The increase of the
actin polymerization induced by colloidal silver and the E-cadherin relocation to the cell–cell junctions
both indicate that colloidal silver is broadly involved in the cytoskeletal reorganization occurring
during migration. In agreement, it has been observed that silver nanoparticles are able to increase
connexin 43-mediated gap junctional intercellular communication in HaCaT cells [51]. Interestingly,
this occurs through ROS production and activation of the MAPK pathway. Furthermore, in an in vitro
model of the human gut epithelium, exposure to AgNP caused changes in cellular permeability and a
dysregulation in the expression of components of tight junctions and desmosomes without affecting
E-cadherin; however, it has to be noted that such experiments have been performed with NP of 10 nm
in size, about 18x bigger than the ones used in the present study [52].
4. Conclusions
Altogether, the presented data indicate that colloidal silver could improve the healing process by
modulating the reorganization of the cytoskeleton and thus cell motility. Further analysis is needed to
clarify both the mechanism of action and the molecular pathways involved. However, the collected
data encourage further investigation of AgC in tissue healing. In this regard, therapeutic agents
including steroids, glucocorticoids, non-steroidal anti-inflammatory drugs, and chemotherapy are
associated with several side effects that, by interfering with cell movement in the wound, slow down
the repair process [53]. In this scenario, silver could have a positive effect on wound closure by acting
on different levels and with different mechanisms compared to the generally used drugs. Last but
not least, it has to be underlined that thanks to its antimicrobial properties, silver could be a valid
alternative for the treatment of infections also caused by multi-drug-resistant bacteria (MDRB) [54],
which do not respond to standard pharmacological therapies and for which it is challenging to develop
efficient treatments.
5. Materials and Methods
5.1. Cell Culture and Reagents
HaCaT, spontaneously immortalized keratinocytes from adult skin, were purchased from Cell Line
Service (CLS, Eppelheim, Germany) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma Chemical Co., St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone
Laboratories, Inc., Logan, UT, USA), 1% L-glutamine, and 1% penicillin-streptomycin (ICN Biomedicals,
Inc., Aurora, OH, USA) at 37 ◦C in a humidified atmosphere of 5% CO2 [55,56]. Depending on the
type of experiment, HaCaT cells were seeded at different densities and on different culture dishes. The
cells were treated with a colloidal silver preparation containing 79.5% silver nanoparticles of 0.62 nm
in size, obtained from Santé Naturels SNC (Civitanova Marche, Macerata, Italy) at the concentration of
Pharmaceuticals 2019, 12, 72 8 of 13
20 ppm (20 µg/mL). Detailed information regarding the characteristics of the colloidal silver solution are
visible at the following official site: http://www.silver-colloids.com/Click comparison table; European
Products Reports). Further information regarding the size of the nanoparticles and the Zeta potential
(index of stability) are presented in the Supplementary Materials, S1, S2). For each experiment, the
stock solution was diluted in culture medium. Ionic silver was obtained by dissolving 3.15 mg AgNO3
in 100 mL H2O to obtain a final stock solution where the ionic silver was 20 µg/mL.
5.2. Cell Viability (MTT Assay) and Cell Proliferation Assays
The effect of ionic and colloidal silver on cell viability was evaluated by measuring the reduction
of 3-(4,5-dimethylthiazol-2) 2,5-diphenyltetrazolium bromide (MTT) to formazan by mitochondrial
dehydrogenase [57,58]. Briefly, 9 × 103 cells were seeded on 96-well plates and exposed to increasing
concentrations of either 0.5 or 2 µg/mL colloidal silver for 24 and 48 h. MTT/PBS solution (0.5 mg/mL)
was then added to the wells and incubated for 3 h at 37 ◦C in a humidified atmosphere. The reaction
was stopped by the removal of the supernatant, followed by dissolving the formazan product in acidic
isopropanol. Optical density was measured with an ELISA reader (Bio-Rad) using a 570 nm filter
using an iMark microplate reader (Bio-Rad, Hercules, CA, USA). Each experiment was performed
in quadruplicate, in three independent experiments. The cell viability was calculated as CV (%) =
(Absorbance of test sample/Absorbance of control) × 100.
For cell proliferation analysis, cells were incubated with AgC and the number of cells in
each experimental point was counted with a Scepter-Millipore counter (Handheld Automated Cell
Counter) as described in [59]. Growth curves were generated and the cell population doubling
time (τ) was estimated by fitting a typical logistic growth [60] (Equation (1)) where τ was the only
adjustable parameter.
n(t) = n0 ∗ 2( tτ ) (1)
5.3. In Vitro Wound Scratch Assay
To test the effect of colloidal silver on the wound closure phenomenon, HaCaT cells were seeded in
12-well plates at a density of 4.5× 105 cells/well. The day after plating, once they had reached 90–100%
confluence, cells were starved for 6 h in serum-free DMEM to completely inhibit cell proliferation. The
confluent monolayer was scraped with sterile P200 pipette tips and washed twice with PBS to remove
detached cells and debris. The scratched monolayers were treated with colloidal silver (0.5µg/mL)
diluted in culture medium and plates were incubated as described. Wound closure was monitored
in the different samples by automated time-lapse microscopy (TLM) using an inverted microscope
(Zeiss Axiovert 200, Carl Zeiss, Germany) inserted into an incubator with constant T (37 ◦C), humidity
(100% Hr), and CO2 (5%). Different fields of view in each cell dish were acquired by phase contrast
microscopy using a CCD video camera (Hamamatsu Orca AG, Japan) at regular intervals (15 minutes)
for about 18 h using a long working distance 5X objective in phase contrast (CP Achromat Ph1).
Images were analyzed as described in [43]. The wound closure dynamics were quantified by using a
homemade automated image analysis software, which allowed us to measure the size of the wound
area for each time point. In a typical experiment, for each field of view, the cell nude area (A) was
measured for each time step, normalized with respect to the value of the wound area at time 0 (A0),
and plotted as a function of time. After an initial Lag time (tL), A/A0 was found to decrease with
a constant velocity; the slope of the linear range of the A/A0 vs. t curve (α) can be considered as a
measure of the wound closure velocity. Details on the calculation of tL and α are reported elsewhere
(see Figure 9b in [61]. For each experimental condition (control and treated), at least four independent
fields were analyzed out of three independent wells for each experiment. Each experiment was done
in triplicate and statistical analysis performed by calculating the standard error of the mean (reported
as error bar) and calculating statistical significance by testing the null hypothesis (t-test).
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5.4. Wound Healing Data Analysis
The wound healing process can be modeled according to the Fisher–Kolmogoroff equation
(Equation (2)), which is a diffusion-reaction equation based on a transport phenomenon approach [62,63].
This model mathematically describes the evolution of the cell density profile u, which depends on the
time and distance x, measured from the wound edge, i.e., along the wound closure direction, that is,
the horizontal direction in the images reported in this work. Two different phenomena contribute to
wound closure, i.e., cell motility and proliferation, which are both involved in the spatial spreading of












Cell motility is modeled as a Fickian diffusion, according to the assumption of a persistent random
motion of the cells [64–66] and depends on a random motility coefficient, that is, analogous of a
diffusion coefficient (D, in Equation (2)). Cell proliferation can be modeled (last term in Equation (2))
as a logistic growth, where the growth velocity is reduced as the cell density approaches confluence,
which is measured by the maximum cell density uˆ. k is a growth kinetic constant, which as a first
approximation can be estimated as the reciprocal of the cell doubling time (k = ln2(τ) [62,67]. This
model predicts that after a short transient phase, the wound edges propagate at a constant speed in
the direction x, perpendicular to the wound edge, reducing the size of the wound area. The speed of
propagation of each wound edge v is related to the values of the random motility coefficient and of the






The concurring role of cell motility and proliferation can be estimated by the simple calculation
of the Thiele modulus φ = b2
√
K
D [62], where b is the initial wound size, i.e., the distance of the two
edges of the wound at time 0. Given the measure of the wound closure velocity α from the analysis
of the time lapse experiments, it was easy to calculate the velocity of the propagation of the wound
edges that is related to α by a simple geometrical relationship v = α* b/2, where b is the initial size
of the wound, with high precision. The cell doubling time τ was independently calculated from cell






It is worth mentioning that the direct measurement of the cell random coefficient is a non-trivial
task that requires time consuming tracking of cell motion over time [43]. The advantage of the approach
used here is the possibility of estimating such a relevant parameter from the simple analysis of wound
healing experiments, and trivial algebraic calculations based on advanced models.
5.5. Immunofluorescence
IF assays were performed as previously described in [68,69]. Briefly, treated and control HaCaT
cells were seeded on glass coverslips at a density of 1.5 × 105 cells/well in 24-well dishes, fixed
with 3.7% PFA, and permeabilized with 0.5% Triton X-100. After blocking with 3% BSA, cells were
incubated with primary antibody (E-cadherin and YB-1) for 1 h at RT followed by incubation with
Alexa-Fluor conjugated secondary antibodies for 1 h in the dark. To visualize the actin cytoskeleton,
cells were stained with TRITC-conjugated phalloidin. The cells were counterstained with DAPI for
the visualization of the nucleus. Images were taken with a Zeiss confocal laser-scanning microscope
Axio Observer. A x40 objective was used and image analysis was performed using ImageJ. All images
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were taken with the same setting. Image processing and analysis were performed with Fiji (ImageJ
version 2.0) software. The stress granules formation experiment was performed as described in [70]
and images were acquired using a Nikon TE Eclipse 2000. Antibodies of anti-YB-1 (12148 Abcam,
Cambridge, UK), anti-E-Cadherin (610181 BD Transduction Laboratories™, MA, USA), Alexa Fluor 488
anti-rabbit and anti-mouse (Thermo-Fisher Scientific, Waltham, MA, USA), and DAPI (Sigma-Aldrich,
Saint Louis, MO, USA) were used.
5.6. Statistical Analysis
All data are expressed as the means of independent experiments (biological replicates) ± standard
errors (SE). Analysis of variance was performed by a two-way ANOVA followed by the Bonferroni
post-test using Graph-Pad Prism (Graph-Pad Software), or by the Student’s T-test as previously
described in [59].
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/2/72/s1.
Author Contributions: Conceptualization, A.P.; Supervision, A.P., S.C. and V.C.; Writing-Review & Editing A.P.,
S.C., and M.V.; Project Administration, E.M. and M.V.; Investigation, E.M., M.V., A.M.G., O.d.M. and B.D.L.
Funding: This research received funds from University Federico II of Naples.
Acknowledgments: We thank Santè Naturels for the colloidal silver provided for the analysis; Nico Martini for his
technical and scientific support; Luciano Di Iorio for his technical assistance. Stefano Guido, Valeria Villella and
Speranza Esposito are gratefully acknowledged for their support during the wound healing experiments; Assunta
Pecora, Giulia Farroni, and Raffaele Menna that contributed to the experiments and analysis of data during their
bachelor theses.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.
References
1. Klasen, H.J. Historical review of the use of silver in the treatment of burns. I. Early uses. Burns 2000, 26,
117–130. [CrossRef]
2. Barillo, D.J.; Marx, D.E. Silver in medicine: A brief history 335BC to present. Burns 2014, 40, 3–8. [CrossRef]
[PubMed]
3. Lansdown, A.B. A pharmacological and toxicological profile of silver as an antimicrobial agent in medical
devices. Adv. Pharmacol. Sci. 2010, 2010, 910686. [CrossRef] [PubMed]
4. Salvioni, L.; Galbiati, E.; Collico, V.; Alessio, G.; Avvakumova, S.; Corsi, F.; Tortora, P.; Prosperi, D.;
Colombo, M. Negatively charged silver nanoparticles with potent antibacterial activity and reduced toxicity
for pharmaceutical preparations. Int. J. Nanomed. 2017, 12, 2517–2530. [CrossRef]
5. Lok, C.N.; Ho, C.M.; Chen, R.; He, Q.Y.; Yu, W.Y.; Sun, H.; Tam, P.K.; Chiu, J.F.; Che, C.M. Silver nanoparticles:
Partial oxidation and antibacterial activities. J. Biol. Inorg. Chem. 2007, 12, 527–534. [CrossRef] [PubMed]
6. Morones, J.R.; Elechiguerra, J.L.; Camacho, A.; Holt, K.; Kouri, J.B.; Ramirez, J.T.; Yacaman, M.J.
The bactericidal effect of silver nanoparticles. Nanotechnology 2005, 16, 2346–2353. [CrossRef]
7. Sanpui, P.; Murugadoss, A.; Prasad, P.V.; Ghosh, S.S.; Chattopadhyay, A. The antibacterial properties of a
novel chitosan-Ag-nanoparticle composite. Int. J. Food Microbiol. 2008, 124, 142–146. [CrossRef]
8. Shrivastava, S.; Bera, T.; Roy, A.; Singh, G.; Ramachandrarao, P.; Dash, D. Characterization of enhanced
antibacterial effects of novel silver nanoparticles. Nanotechnology 2007, 18, 225103. [CrossRef]
9. Jung, W.K.; Koo, H.C.; Kim, K.W.; Shin, S.; Kim, S.H.; Park, Y.H. Antibacterial activity and mechanism of
action of the silver ion in staphylococcus aureus and escherichia coli. Appl. Environ. Microbiol. 2008, 74,
2171–2178. [CrossRef]
10. Yamanaka, M.; Hara, K.; Kudo, J. Bactericidal actions of a silver ion solution on escherichia coli, studied by
energy-filtering transmission electron microscopy and proteomic analysis. Appl. Environ. Microbiol. 2005, 71,
7589–7593. [CrossRef]
Pharmaceuticals 2019, 12, 72 11 of 13
11. Yang, W.; Shen, C.; Ji, Q.; An, H.; Wang, J.; Liu, Q.; Zhang, Z. Food storage material silver nanoparticles
interfere with DNA replication fidelity and bind with DNA. Nanotechnology 2009, 20, 085102. [CrossRef]
[PubMed]
12. Richter, K.; Facal, P.; Thomas, N.; Vandecandelaere, I.; Ramezanpour, M.; Cooksley, C.; Prestidge, C.A.;
Coenye, T.; Wormald, P.J.; Vreugde, S. Taking the silver bullet colloidal silver particles for the topical treatment
of biofilm-related infections. ACS Appl. Mater. Interfaces 2017, 9, 21631–21638. [PubMed]
13. Tran, P.L.; Huynh, E.; Hamood, A.N.; de Souza, A.; Mehta, D.; Moeller, K.W.; Moeller, C.D.; Morgan, M.;
Reid, T.W. The ability of a colloidal silver gel wound dressing to kill bacteria in vitro and in vivo. J. Wound Care
2017, 26, S16–S24. [PubMed]
14. Nadworny, P.L.; Wang, J.; Tredget, E.E.; Burrell, R.E. Anti-inflammatory activity of nanocrystalline silver in a
porcine contact dermatitis model. Nanomedicine 2008, 4, 241–251. [CrossRef] [PubMed]
15. Tian, J.; Wong, K.K.; Ho, C.M.; Lok, C.N.; Yu, W.Y.; Che, C.M.; Chiu, J.F.; Tam, P.K. Topical delivery of silver
nanoparticles promotes wound healing. ChemMedChem 2007, 2, 129–136. [CrossRef] [PubMed]
16. Rigo, C.; Ferroni, L.; Tocco, I.; Roman, M.; Munivrana, I.; Gardin, C.; Cairns, W.R.; Vindigni, V.; Azzena, B.;
Barbante, C.; et al. Active silver nanoparticles for wound healing. Int. J. Mol. Sci. 2013, 14, 4817–4840.
[CrossRef] [PubMed]
17. Boucher, W.; Stern, J.M.; Kotsinyan, V.; Kempuraj, D.; Papaliodis, D.; Cohen, M.S.; Theoharides, T.C.
Intravesical nanocrystalline silver decreases experimental bladder inflammation. J. Urol. 2008, 179,
1598–1602. [PubMed]
18. Castillo, P.M.; Herrera, J.L.; Fernandez-Montesinos, R.; Caro, C.; Zaderenko, A.P.; Mejias, J.A.; Pozo, D.
Tiopronin monolayer-protected silver nanoparticles modulate IL-6 secretion mediated by toll-like receptor
ligands. Nanomedicine 2008, 3, 627–635. [CrossRef] [PubMed]
19. Atiyeh, B.S.; Costagliola, M.; Hayek, S.N.; Dibo, S.A. Effect of silver on burn wound infection control and
healing: Review of the literature. Burns 2007, 33, 139–148.
20. Vlachou, E.; Chipp, E.; Shale, E.; Wilson, Y.T.; Papini, R.; Moiemen, N.S. The safety of nanocrystalline silver
dressings on burns: A study of systemic silver absorption. Burns 2007, 33, 979–985. [PubMed]
21. Chaloupka, K.; Malam, Y.; Seifalian, A.M. Nanosilver as a new generation of nanoproduct in biomedical
applications. Trends Biotechnol. 2010, 28, 580–588. [CrossRef] [PubMed]
22. Okan, D.; Woo, K.; Sibbald, R.G. So, what if you are blue? Oral colloidal silver and argyria are out: Safe
dressings are in. Adv. Skin Wound Care 2007, 20, 326–330. [CrossRef] [PubMed]
23. Moiemen, N.S.; Shale, E.; Drysdale, K.J.; Smith, G.; Wilson, Y.T.; Papini, R. Acticoat dressings and major
burns: Systemic silver absorption. Burns 2011, 37, 27–35. [CrossRef] [PubMed]
24. Trop, M.; Novak, M.; Rodl, S.; Hellbom, B.; Kroell, W.; Goessler, W. Silver-coated dressing acticoat caused
raised liver enzymes and argyria-like symptoms in burn patient. J. Trauma 2006, 60, 648–652. [CrossRef]
[PubMed]
25. AshaRani, P.V.; Low Kah Mun, G.; Hande, M.P.; Valiyaveettil, S. Cytotoxicity and genotoxicity of silver
nanoparticles in human cells. ACS Nano 2009, 3, 279–290. [CrossRef] [PubMed]
26. Foldbjerg, R.; Olesen, P.; Hougaard, M.; Dang, D.A.; Hoffmann, H.J.; Autrup, H. Pvp-coated silver
nanoparticles and silver ions induce reactive oxygen species, apoptosis and necrosis in thp-1 monocytes.
Toxicol. Lett. 2009, 190, 156–162. [CrossRef]
27. Hsin, Y.H.; Chen, C.F.; Huang, S.; Shih, T.S.; Lai, P.S.; Chueh, P.J. The apoptotic effect of nanosilver is
mediated by a ROS- and JNK-dependent mechanism involving the mitochondrial pathway in NIH3T3 cells.
Toxicol. Lett. 2008, 179, 130–139. [CrossRef] [PubMed]
28. Hussain, S.M.; Hess, K.L.; Gearhart, J.M.; Geiss, K.T.; Schlager, J.J. In vitro toxicity of nanoparticles in BRL-3A
rat liver cells. Toxicol. In Vitro 2005, 19, 975–983. [CrossRef] [PubMed]
29. Hackenberg, S.; Scherzed, A.; Kessler, M.; Hummel, S.; Technau, A.; Froelich, K.; Ginzkey, C.; Koehler, C.;
Hagen, R.; Kleinsasser, N. Silver nanoparticles: Evaluation of DNA damage, toxicity and functional
impairment in human mesenchymal stem cells. Toxicol. Lett. 2011, 201, 27–33. [CrossRef] [PubMed]
30. Poon, V.K.; Burd, A. In vitro cytotoxity of silver: Implication for clinical wound care. Burns 2004, 30, 140–147.
[CrossRef]
31. Zanette, C.; Pelin, M.; Crosera, M.; Adami, G.; Bovenzi, M.; Larese, F.F.; Florio, C. Silver nanoparticles exert
a long-lasting antiproliferative effect on human keratinocyte HaCaT cell line. Toxicol. In Vitro 2011, 25,
1053–1060. [CrossRef]
Pharmaceuticals 2019, 12, 72 12 of 13
32. Carlson, C.; Hussain, S.M.; Schrand, A.M.; Braydich-Stolle, L.K.; Hess, K.L.; Jones, R.L.; Schlager, J.J. Unique
cellular interaction of silver nanoparticles: Size-dependent generation of reactive oxygen species. J. Phys.
Chem. B 2008, 112, 13608–13619. [CrossRef] [PubMed]
33. Navaladian, S.; Viswanathan, B.; Varadarajan, T.K.; Viswanath, R.P. Microwave-assisted rapid synthesis
of anisotropic Ag nanoparticles by solid state transformation. Nanotechnology 2008, 19, 045603. [CrossRef]
[PubMed]
34. Olenin, A.Y.; Krutyakov, Y.; Kudrinskii, A.A.; Lisichkin, G.V. Formation of surface layers on silver
nanoparticles in aqueous and water-organic media. Colloid J. 2008, 70, 71–76. [CrossRef]
35. Tolaymat, T.M.; El Badawy, A.M.; Genaidy, A.; Scheckel, K.G.; Luxton, T.P.; Suidan, M. An evidence-based
environmental perspective of manufactured silver nanoparticle in syntheses and applications: A systematic
review and critical appraisal of peer-reviewed scientific papers. Sci. Total Environ. 2010, 408, 999–1006.
[CrossRef] [PubMed]
36. Bharali, P.; Saikia, J.P.; Paul, S.; Konwar, B.K. Colloidal silver nanoparticles/rhamnolipid (snprl) composite as
novel chemotactic antibacterial agent. Int. J. Biol. Macromol. 2013, 61, 238–242. [CrossRef] [PubMed]
37. Chopra, I. The increasing use of silver-based products as antimicrobial agents: A useful development or a
cause for concern? J. Antimicrob. Chemother. 2007, 59, 587–590. [CrossRef] [PubMed]
38. Li, X.; Li, S.; Zhang, M.; Zhang, W.; Li, C. Evaluations of antibacterial activity and cytotoxicity on Ag
nanoparticles. Rare Met. Mater. Eng. 2011, 40, 209–214.
39. Wiemken, T.L.; Kelley, R.R.; Carrico, R.M.; Binford, L.E.; Guinn, B.E.; Mattingly, W.A.; Peyrani, P.; Ramirez, J.A.
Efficacy of a novel skin antiseptic against carbapenem-resistant enterobacteriaceae. Am. J. Infect. Control
2015, 43, 380–382. [CrossRef]
40. Ciani, F.; Tafuri, S.; Troiano, A.; Cimmino, A.; Fioretto, B.S.; Guarino, A.M.; Pollice, A.; Vivo, M.; Evidente, A.;
Carotenuto, D.; et al. Anti-proliferative and pro-apoptotic effects of uncaria tomentosa aqueous extract in
squamous carcinoma cells. J. Ethnopharmacol. 2018, 211, 285–294. [CrossRef]
41. Somasekharan, S.P.; El-Naggar, A.; Leprivier, G.; Cheng, H.; Hajee, S.; Grunewald, T.G.; Zhang, F.; Ng, T.;
Delattre, O.; Evdokimova, V.; et al. YB-1 regulates stress granule formation and tumor progression by
translationally activating G3BP1. J. Cell Biol. 2015, 208, 913–929. [CrossRef] [PubMed]
42. Cohen, S.B.; Ma, W.; Valova, V.A.; Algie, M.; Harfoot, R.; Woolley, A.G.; Robinson, P.J.; Braithwaite, A.W.
Genotoxic stress-induced nuclear localization of oncoprotein YB-1 in the absence of proteolytic processing.
Oncogene 2010, 29, 403–410. [CrossRef] [PubMed]
43. Ascione, F.; Guarino, A.M.; Calabro, V.; Guido, S.; Caserta, S. A novel approach to quantify the wound
closure dynamic. Exp. Cell Res. 2017, 352, 175–183. [CrossRef] [PubMed]
44. Rorth, P. Fellow travellers: Emergent properties of collective cell migration. EMBO Rep. 2012, 13, 984–991.
[CrossRef] [PubMed]
45. Ouaknin, G.Y.; Bar-Yoseph, P.Z. Stochastic collective movement of cells and fingering morphology: No
maverick cells. Biophys. J. 2009, 97, 1811–1821. [CrossRef]
46. Friedl, P.; Hegerfeldt, Y.; Tusch, M. Collective cell migration in morphogenesis and cancer. Int. J. Dev. Biol.
2004, 48, 441–449. [CrossRef] [PubMed]
47. Friedl, P.; Wolf, K. Plasticity of cell migration: A multiscale tuning model. J. Cell Biol. 2010, 188, 11–19.
[CrossRef] [PubMed]
48. Lecaudey, V.; Gilmour, D. Organizing moving groups during morphogenesis. Curr. Opin. Cell Biol. 2006, 18,
102–107. [CrossRef] [PubMed]
49. Advedissian, T.; Proux-Gillardeaux, V.; Nkosi, R.; Peyret, G.; Nguyen, T.; Poirier, F.; Viguier, M.; Deshayes, F.
E-cadherin dynamics is regulated by galectin-7 at epithelial cell surface. Sci. Rep. 2017, 7, 17086. [CrossRef]
50. Harrison, O.J.; Jin, X.; Hong, S.; Bahna, F.; Ahlsen, G.; Brasch, J.; Wu, Y.; Vendome, J.; Felsovalyi, K.;
Hampton, C.M.; et al. The extracellular architecture of adherens junctions revealed by crystal structures of
type i cadherins. Structure 2011, 19, 244–256. [CrossRef]
51. Qin, Y.; Han, L.; Yang, D.; Wei, H.; Liu, Y.; Xu, J.; Autrup, H.; Deng, F.; Guo, X. Silver nanoparticles increase
connexin43-mediated gap junctional intercellular communication in HaCaT cells through activation of
reactive oxygen species and mitogen-activated protein kinase signal pathway. J. Appl. Toxicol. 2018, 38,
564–574. [CrossRef]
Pharmaceuticals 2019, 12, 72 13 of 13
52. Williams, K.M.; Gokulan, K.; Cerniglia, C.E.; Khare, S. Size and dose dependent effects of silver nanoparticle
exposure on intestinal permeability in an in vitro model of the human gut epithelium. J. Nanobiotechnol.
2016, 14, 62. [CrossRef] [PubMed]
53. Ovais, M.; Ahmad, I.; Khalil, A.T.; Mukherjee, S.; Javed, R.; Ayaz, M.; Raza, A.; Shinwari, Z.K. Wound
healing applications of biogenic colloidal silver and gold nanoparticles: Recent trends and future prospects.
Appl. Microbiol. Biotechnol. 2018, 102, 4305–4318. [CrossRef] [PubMed]
54. Barros, C.H.N.; Fulaz, S.; Stanisic, D.; Tasic, L. Biogenic nanosilver against multidrug-resistant bacteria
(MDRB). Antibiotics 2018, 7, 69. [CrossRef] [PubMed]
55. Vivo, M.; Di Costanzo, A.; Fortugno, P.; Pollice, A.; Calabro, V.; La Mantia, G. Downregulation of DNp63alpha
in keratinocytes by p14ARF-mediated SUMO-conjugation and degradation. Cell Cycle 2009, 8, 3545–3551.
[CrossRef] [PubMed]
56. Ranieri, M.; Vivo, M.; De Simone, M.; Guerrini, L.; Pollice, A.; La Mantia, G.; Calabro, V. Sumoylation and
ubiquitylation crosstalk in the control of DNp63alpha protein stability. Gene 2018, 645, 34–40. [CrossRef]
57. Di Martino, O.; Troiano, A.; Guarino, A.M.; Pollice, A.; Vivo, M.; La Mantia, G.; Calabro, V. DNp63alpha
controls YB-1 protein stability: Evidence on YB-1 as a new player in keratinocyte differentiation. Genes Cells
2016, 21, 648–660. [CrossRef] [PubMed]
58. Troiano, A.; Lomoriello, I.S.; di Martino, O.; Fusco, S.; Pollice, A.; Vivo, M.; La Mantia, G.; Calabro, V. Y-box
binding protein-1 is part of a complex molecular network linking DNp63alpha to the PI3K/AKT pathway in
cutaneous squamous cell carcinoma. J. Cell Physiol. 2015, 230, 2067–2074. [CrossRef] [PubMed]
59. Fontana, R.; Guidone, D.; Sangermano, F.; Calabro, V.; Pollice, A.; La Mantia, G.; Vivo, M. PKC dependent
p14ARF phosphorylation on Threonine 8 drives cell proliferation. Sci. Rep. 2018, 8, 7056. [CrossRef]
60. Kilian, H.G.; Bartkowiak, D.; Kaufmann, D.; Kemkemer, R. The general growth logistics of cell populations.
Cell Biochem. Biophys. 2008, 51, 51–66. [CrossRef] [PubMed]
61. Gaglione, R.; Dell’Olmo, E.; Bosso, A.; Chino, M.; Pane, K.; Ascione, F.; Itri, F.; Caserta, S.; Amoresano, A.;
Lombardi, A.; et al. Novel human bioactive peptides identified in apolipoprotein b: Evaluation of their
therapeutic potential. Biochem. Pharmacol. 2017, 130, 34–50. [CrossRef] [PubMed]
62. Ascione, F.; Caserta, S.; Guido, S. The wound healing assay revisited: A transport phenomena approach.
Chem. Eng. Sci. 2017, 160, 200–209. [CrossRef]
63. Cai, A.Q.; Landman, K.A.; Hughes, B.D. Multi-scale modeling of a wound-healing cell migration assay.
J. Theor. Biol. 2007, 245, 576–594. [CrossRef] [PubMed]
64. Dickinson, R.B.; Tranquillo, R.T. Optimal estimation of cell movement indices from the statistical analysis of
cell tracking data. Bioeng. Food Nat. Prod. 1993, 39, 1995–2010. [CrossRef]
65. Wu, P.H.; Giri, A.; Wirtz, D. Statistical analysis of cell migration in 3d using the anisotropic persistent random
walk model. Nat. Protoc. 2015, 10, 517–527. [CrossRef] [PubMed]
66. Ascione, F.; Vasaturo, A.; Caserta, S.; D’Esposito, V.; Formisano, P.; Guido, S. Comparison between fibroblast
wound healing and cell random migration assays in vitro. Exp. Cell Res. 2016, 347, 123–132. [CrossRef]
67. Maini, P.K.; McElwain, D.L.; Leavesley, D.I. Traveling wave model to interpret a wound-healing cell migration
assay for human peritoneal mesothelial cells. Tissue Eng. 2004, 10, 475–482. [CrossRef] [PubMed]
68. Vivo, M.; Matarese, M.; Sepe, M.; Di Martino, R.; Festa, L.; Calabro, V.; La Mantia, G.; Pollice, A. MDM2-
mediated degradation of p14ARF: A novel mechanism to control ARF levels in cancer cells. PLoS ONE 2015,
10, e0117252. [CrossRef] [PubMed]
69. Vivo, M.; Fontana, R.; Ranieri, M.; Capasso, G.; Angrisano, T.; Pollice, A.; Calabro, V.; La Mantia, G. p14ARF
interacts with the focal adhesion kinase and protects cells from anoikis. Oncogene 2017, 36, 4913–4928.
[CrossRef] [PubMed]
70. Guarino, A.M.; Troiano, A.; Pizzo, E.; Bosso, A.; Vivo, M.; Pinto, G.; Amoresano, A.; Pollice, A.; La Mantia, G.;
Calabro, V. Oxidative stress causes enhanced secretion of YB-1 protein that restrains proliferation of receiving
cells. Genes 2018, 9, 513. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
